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ABSTRACT
Based on well established scaling relation for star forming galaxies as a function of redshift,
we argue that the implied growth by a large factor of their angular momentum requires that
the angular momentum of the inflowing gas fuelling star formation and disk growth must also
secularly increase. We then propose that star formation in disks can cease (quench) once the
accreted material (mainly atomic hydrogen) comes in with excessive angular momentum for
sustaining an adequate radial flow of cold, molecular gas. Existing observational evidence
supporting this scenario is mentioned, together with some future observational studies that
may validate (or invalidate) it.
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1 INTRODUCTION
By number, disk galaxies dominate as they do in terms of global
star formation at least since redshift ∼ 2. Hence, understanding
their formation and evolution, especially in terms of stellar mass,
structure and dynamics (including their angular momentum) has
been a main theme in galaxy evolution studies starting with the
seminal papers of Peebles (1969), Doroshkevich (1970) and White
(1984) that qualitatively predict a secular increase in the angular
momentum of galaxies. Subsequent theoretical studies have been
performed in the frame of the cold dark matter paradigm, with some
success along with some difficulties, arising from the complexity of
the baryonic physics involved. Key contributions include those of
Mo, Mao & White (1998), Navarro & Steinmetz (2000) and Fall &
Romanowsky (2013) and more recently Danovich et al. (2015) and
Zoldan et al. (2019).
Besides growing in mass, size and angular momentum, at a
critical point in their evolution some disks cease to form stars, they
quench, and continue evolving passively unless something happens
that may re-ignite star formation. The physical origin of quench-
ing remains matter of debate. In this paper we discuss in a semi-
quantitative fashion disk growth and quenching basing uniquely
on observational data, in particular on galaxy scaling relations as
a function of redshift as they have been established over the last
decade or so, with the collective contribution of the broad astro-
nomical community.
The paper is organised as follows. In Section 2 we very syn-
thetically review the basic scaling relations for star forming galax-
ies. Section 3 deals with the implication of the size and mass evo-
lution of disks for the growth of their angular momentum and on
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the role of such growth for disk quenching. Indeed, we shall argue
that the angular momentum of the gas inflow to galaxies can play a
primary role not only on disk growth but also on their quenching.
In Section 4 we mention some future observations that may help
validating the proposed scenario and summarise its main aspects.
2 THE GALAXY SCALING RELATIONS
High redshift observations have revealed that by z ' 2 the ma-
jority (∼ 70 per cent) of star forming galaxies more massive than
∼ 1010 M have already settled into orderly rotating disks, though
with still high velocity dispersion compared to local disks (Fo¨rster
Schreiber et al. 2009, 2018; Law et al. 2009; Glazebroock 2013;
Wisnioski et al. 2015; Simons et al. 2017; U¨bler et al. 2019). This
is also found in some recent hydrodynamical simulations (e.g.,
Pillepich et al. 2019). From such high redshift to the local Universe
galactic disks evolve following –on average– a set of empirically
well established scaling relations, here briefly recalled.
At fixed stellar mass, the half-light radius Rh of disks scales as
∼ (1 + z)−1 (Newman et al. 2012; Mosleh et al. 2012; Shibuya et al.
2015; Lilly & Carollo 2016; Mowla et al. 2019), so it increases by
roughly a factor of ∼ 3 over the last ∼ 10 Gyr. This becomes a lower
limit if one follows the evolution of individual galaxies, as they
growth also in mass and sizes increase with stellar mass, roughly
as Rh ∼ M0.2∗ (van der Wel et al. 2014; Mowla et al. 2019). However,
these figures refer to half-light radii, whereas half-mass radii appear
to evolve slower, e.g., as ∼ (1 + z)−0.5 (Mosleh et al. 2017), or even
more so according to Suess et al. (2019). Measured half-mass radii
are still affected by large errors and different measuring procedures
can result in very large differences for individual sources, though
the distribution of the half-mass to half-light radii shows a sharp
peak at 1, i.e., the two radii being equal (Suess et al. 2019).
c© 2002 RAS
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Disks at z ∼ 2 have a much higher molecular gas fraction
(∼ 50 per cent) than nearby disks (Tacconi et al. 2010; Daddi et al.
2010; Genzel et al. 2015; Scoville et al. 2017), which to first order
scales as ∼ (1 + z)2.6 (Tacconi et al. 2018). Combining these two
scaling relations we see that the surface gas density for fixed stellar
mass scales as ∼ (1 + z)4.6, which means that at z ∼ 2 it is ∼ 150
times (!) higher than in local disks of the same mass.
Likely as a result of higher molecular gas content and gas den-
sity, the star formation rate (SFR) at fixed stellar mass increases as
∼ (1 + z)2.8 (e.g., Speagle et al. 2014; Ilbert et al. 2015). Indeed, the
close similarity of the two exponents of the molecular gas fraction
and SFR scaling relations (that could actually be identical when al-
lowing for the errors) imply that a Schmidt-like relation has been in
place at least over the last 10 Gyr, and with a exponent close to unity
(as in Bigiel et al. 2008 for local galaxies and Tacconi et al. 2018
at higher redshift). Of course, all of these scaling laws are affected
by a sizeable dispersion, typically of the order of ∼ 0.2 − 0.4 dex,
implying that the evolutionary history of individual galaxies may
differ substantially from the ideal case in which a galaxy strictly
follows all scaling relations.
Thus, for most of their lifetime star-forming galaxies appear
to evolve following these scaling relations. In this framework, the
ubiquity of galactic winds together with the need for continuous gas
inflow to sustain star formation has led to the development simple
toy models for the baryon cycle through galaxies (Lilly et al. 2013;
Peng & Maiolino 2014; Dekel & Mandelker 2014) in which near
(yet not strict) equilibrium is maintained among the three rates of
inflow, star formation and outflow. Moreover, a consistent picture
of the baryon cycle itself has become widely entertained, in which
a bipolar outflow driven by supernova (and occasionally by AGN)
feedback leaves the galaxy orthogonally from the disk, whereas in-
flow takes place predominantly in the equatorial plane, through the
disk outer rim and corotating with the disk itself (Bouche´ et al.
2013).
Direct evidence of this symmetry breaking has been recently
demonstrated by Martin et al. (2019) with a z ∼ 0.2 sample of
galaxy-quasar pairs in which the Mg II absorbing circumgalactic
medium (CGM) is found in corotation with the galaxy in all 12
absorbers located within 46◦ of the major axis, whereas a nearly
equal number of corotating and counterrotating absorbers is found
at higher azimuthal angles, where outflows may dominate (see also
Ho, Martin & Turner 2019; Ho & Martin 2019). Similarly, Zabl
et al. (2019) find the Mg II absorbers being corotating in 7 out
of 9 galaxies at z ∼ 1. Thus, feeding galaxies by a mainly co-
planar, corotating HI disk appears to be now a fairly well estab-
lished paradigm, whereas extra-planar accretion was once favoured
(see e.g., Sancisi et al. 2008, for a review). In summary, the disk-
size scaling relation argument, hydrodynamical simulations (e.g.,
Stewart et al. 2011) and direct observational evidence all concur in
support of this scenario.
3 THE GROWTH AND QUENCHING OF GALACTIC
DISKS
3.1 Growth
To a large extent, the necessity of this geometry (the equatorial
accretion of mainly corotating material) follows simply from the
Rh ∼ (1 + z)−1 scaling law: if disks grow in size, hence in angular
momentum, then the new material must be added near the edge of
the pre-existing disk and corotating with it, hence with higher and
higher angular momentum as time goes by (Renzini et al. 2018).
The mere growth of disks requires that low-angular momentum gas
is accreted first and high angular momentum gas later, with a long
term (order of the Hubble time) coherence in remaining mainly pla-
nar and corotating. For, there would be little size and angular mo-
mentum growth if accretion were isotropic and with counterrotating
and corotating gas flows being equally probable.
Also some hydrodynamical simulations hint to this scenario
(e.g., Dekel et al. 2009; Stewart et al. 2011, 2017; Danovich et al.
2015; Zoldan et al. 2019), but the emphasis here is on inferences we
can draw directly from the observations. Thus, Kassin et al. (2012)
find that from z = 1.2 to z = 0 the ratio of rotational velocity to gas
velocity dispersion Vrot/σg increases with time by the combined ef-
fect of an increasing Vrot and a declining σg. Along the same track,
Simons et al. (2017) find that at fixed stellar mass Vrot remains al-
most constant between z ∼ 2 and the present for massive galaxies
(10 < logM∗/M < 11) but Vrot increases for individual galaxies as
they grow in mass and conclude that galactic disks “spin up as they
assemble their mass”. Again, this can only happen if the incoming
material has higher angular momentum with respect to the already
existing disk and symmetry between corotating and counterrotating
inflows is broken in favour of the former ones.
On a more quantitative fashion, if at fixed stellar mass the ra-
dius evolves as ∼ (1 + z)−1 and Vrot stays nearly constant, then also
the stellar angular momentum evolves as J∗ ∼ (1 + z)−1, i.e., it
must increase by a factor of ∼ 3 from z = 2 to the present. But in
the same interval of cosmic time star forming galaxies increase in
mass by a large factor that can be estimated by assuming that star-
forming galaxies spend all their time on the Main Sequence (MS),
hence the stellar mass growth comes from integrating the equation
dM∗/dt = (1−R)SFR (e.g., Renzini 2009; Peng et al. 2010), where
R ' 0.4 is the mass return due to stellar mass loss. This mass in-
crease is very sensitive to the adopted zero point and slope of the
MS, such that between z = 2 and z = 0 it is a factor of ∼ 10 for
the MS adopted by Speagle et al. (2014) or a factor of ∼ 50 for the
steeper MS adopted by Lilly et al. (2013), though in such case a
galaxy may have quenched before growing so much.
This mass increase implies an additional factor ∼ 1.6 increase
in radius (the Rh ∼ M0.2∗ scaling). Altogether, by the combined ef-
fect of the mass and size increase, the angular momentum of in-
dividual galaxies would then increase by roughly a factor of ∼ 50
between z = 2 and the present (for the Speagle et al. MS), or evolv-
ing as J∗ ∼ (1 + z)−3.5, even neglecting the mentioned increase of
Vrot experienced by individual galaxies (Simons et al. 2017). This
angular momentum increase is illustrated in Figure 1, which in-
cludes the scaling J∗ ∝ M5/3∗ (1 + z)−1 proposed by Swinbank et al.
(2017). This remarkable secular increase of the angular momentum
of star forming disks is indeed a quite fundamental aspect of galaxy
evolution. Note that a similar scaling law with redshift (hence cos-
mic time) needs to hold for the angular momentum of the inflowing
material together with its long term corotation with the pre-existing
disk (symmetry breaking).
This rate of angular momentum increase follows from the as-
sumed Rh ∼ (1 + z)−1 scaling, but, as we have mentioned above, the
half-mass radius of star forming disks may evolve slower than this.
For example, with Rh ∼ (1 + z)−0.5 (as e.g., in Mosleh et al. 2017),
the total angular momentum of individual disks would increase by
only a factor of ∼ 27 from z = 2 to the present. Thus, the precise
scaling of the half-mass radii has an important effect on the inferred
evolution of the angular momentum of disks, but the qualitative ar-
guments developed here do not depend on the precise evolution of
disk sizes, provided that a significant increase exists.
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Figure 1. The average secular increase of the angular momentum of star-
forming disks since z = 2 for two choices of the SFR(M∗, z) relation, from
Lilly et al. (2013) and Speagle et al. (2014), as indicated. The angular mo-
mentum scaling from Swinbank et al. (2017) is also shown.
3.2 Quenching
However, disks not only grow but at some point they can starve
and eventually quench star formation altogether. Several quench-
ing mechanisms have been proposed and the physics of quench-
ing remains a central issue in galaxy evolution studies. AGN feed-
back has been widely invoked, especially in semianalytic mod-
elling, while coming in two possible versions: direct gas expulsion
(Granato et al. 2004), then called quasar-mode, and heating of the
CGM by AGN jets (Croton et al. 2006), then called radio-mode.
Alternative to AGN is the so-called halo quenching mechanism, in
which CGM baryons get shock-heated to high temperatures when
the host halo exceeds a threshold mass of ∼ 1012 M (Birnboim et
al. 2007). Another option for quenching star formation in disks was
suggested by Martig et al. (2009), called morphological quenching,
in which the growth of a massive central bulge increases shear in
the surrounding disk, thus preventing the formation of massive star-
forming clumps. Moreover, ram pressure stripping can take place
in galaxy groups and clusters (Gunn & Gott 1972). Quenching may
just occur as a result of rapid gas consumption by star formation
and supernova driven polar outflows, such as in the hydrodynam-
ical models of bulge formation following a violent disk instabil-
ity, as in the hydrodynamical simulations of Tacchella et al. (2016).
Yet, the question remained how to maintain a bulge quenched while
being still embedded in a star-forming disk. Based on the secular
increase of the angular momentum of inflows, dictated by the scal-
ing relations, Renzini et al. (2018) suggested that a bulge could
remain quenched if the gas accreted via streams were to come in
with too high angular momentum for reaching down to the bulge,
which then would remain starved and almost completely passively
evolving.
A recent finding about the HI content of central disk galaxies
in the local Universe suggests that this quenching mechanism may
not apply only to galactic bulges, but may even work for full galax-
ies, an ansatz we develop further here below. Indeed, using HI data,
mostly from the ALFALFA survey (Giovanelli et al. 2005), coupled
to other databases, Zhang et al. (2019) were able to show that in
the mass range 10.5 < logM∗/M < 11 the atomic hydrogen con-
tent of quenched disks is virtually identical to that of actively star-
forming ones, whereas they lack of H2 molecular gas. Moreover,
the quenched central disks exhibit the characteristic double-horn
HI profiles as star-forming disks, suggesting that both galaxy types
have regularly rotating HI disks. The almost constant HI gas mass
of 1010 M from star-forming to quenched disks corresponds to HI
disks of radius about 30 kpc according to the HI size-mass relation
(Broeils & Rhee 1997; Wang et al. 2016).Though the radio data do
not have enough spatial resolution, it is most likely that the HI gas
in quenched disks lies in a ring external to the optical disk, orbiting
with too high angular momentum to be able to spiral in, compress,
undergo a transition to the H2 molecular phase and eventually turn
into stars. HI ring-like structures with central HI hole are indeed
found in several galaxies and in particular in quenched disks (e.g.,
Murugeshan et al. 2019).
What would then distinguish star-forming disks from
quenched ones, if both have the same HI content? One possibil-
ity is that in quenched disks the outer HI ring is on stable orbits and
relatively unperturbed whereas in star-forming disks the HI ring
may be occasionally, or even continuously, perturbed by encoun-
ters with other galaxies, or by galactic satellites, such as in the case
of the Magellanic Clouds for the Milky Way or M32 and NGC205
for Andromeda. Such disk perturbations could then induce devia-
tions from circular orbits, hence radial flows that can promote and
sustain star formation. Temporary reactivation of radial inflow and
star formation could also result from an occasional counterrotat-
ing stream or a minor merger. In any event, radial transport of gas
is considered a requisite to sustain star formation, that is, to avoid
quenching (Krumholz et al. 2018).
Hence, we here propose angular momentum inhibition of ra-
dial flows as an additional quenching mechanism, specific for disk
galaxies. In practice, disk growth and its quenching are seen as be-
ing the result of the same process, namely accretion by planar, coro-
tating inflows with secularly increasing angular momentum that en-
sure disk growth until the cold, atomic gas eventually settles in too
high angular momentum orbits for being able to further penetrate
inside and promote star formation. Indeed, the direct evidence from
HI-rich quenched disks is that these galaxies are indeed fed (by HI)
but they don’t eat, i.e., they are unable to process atomic gas to
molecular clouds and stars. So they starve and quench. Yet, this
kind of quenching may not be definitive, as the arrival of an exter-
nal perturbation, be it a minor merger or a counterrotating stream,
may shake the HI reservoir, inducing radial inflows and revitalising
star formation, thus rejuvenating the once quenched galaxy (e.g.,
Saintonge et al. 2011; Mancini et al. 2019).
One question that needs to be answered is why the HI ring
does not spontaneously form molecular clouds and stars. The an-
swer to this question comes from a recent study by Obreschkow et
al. (2016) showing that disks quite naturally develop a positive ra-
dial gradient in Toomre’s stability parameter Q and in the local Uni-
verse the gas in the outer regions indeed have a large Q > 1, hence
should be stable against fragmentation and remain atomic. Alterna-
tively, but this may be part of the just mentioned effect, the HI in
the outskirts of (quenched) disks may be at densities below the em-
pirical threshold above which HI is converted to H2 (∼ 10 M pc−2,
Bigiel et al. 2008). Very low metallicity could also inhibit grain,
hence H2 formation, yet, the corotating gas is revealed by MgII ab-
sorption, hence it contains metals.
Though in our imagination the prototypical quenched galaxy
is a giant elliptical, the bulk of first quenched galaxies are actually
disks (Bundy et al. 2010; van der Wel et al. 2011; Toft et al. 2017;
Bezanson et al. 2018; Newman et al. 2018) and so are the bulk
of quenched, early-type galaxies in the local Universe that are still
fast rotators (Emsellem et al. 2011). So, it is the quenching of disks
that dominates quenching in general, and this proposed mechanism
to starve disks by feeding them gas they cannot reach has the at-
tractive aspect of being germane to disks and their growth, as it is
the growth itself that prepares the conditions for the subsequent
quenching. In a sense, disks quench when they have consumed
c© 2002 RAS, MNRAS 000, 1–5
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all the relatively low angular momentum gas.We further venture
to speculate that this kind of quenching would very naturally af-
fect first the most grown galaxies, reminiscent of the Peng et al.
(2010) mass quenching paradigm. Yet, it remains to demonstrate
that this starvation by excessive angular momentum starts working
just once the stellar mass has reached close to the Schechter mass,
as in the mass quenching mode of Peng et al. (2010)4. This kind
of quenching may also be relatively slow, with a great deal of vari-
ance from one galaxy to another, and being basically a quenching
by strangulation as in the slow-quenching mode proposed by Peng
et al. (2015). Moreover, in this scenario quenching is not accom-
panied by a morphological transformation, as indeed suggested by
freshly quenched galaxies at high redshift being still fast rotating
disks (Toft et al. 2017; Newman et al. 2018).
Another attractive aspect of quenching by excessive angular
momentum is that it quite naturally leads to inside-out quenching
for which evidence exists both at high redshifts (e.g., Tacchella
et al. 2015; van Dokkum et al. 2015; Spilker et al. 2019) and in
the local Universe (Guo et al. 2019; Morselli et al. 2018). This is
particularly evident in the stacks of mass and SFR surface density
performed in these last two studies, in which the central (bulge)
regions of galaxies are either fully quenched or have depressed
specific SFR, whereas star formation persists in the outer regions,
though with very low rates in quenched galaxies. Exception to this
trend are starburst galaxies, in which the SFR surface density actu-
ally peaks at the centre (Guo et al. 2019; Morselli et al. 2018).
Of course, this mode does not exclude that other quenching
mechanisms may also be at work. However, it seems to us that some
of the traditional quenching mechanisms cannot be invoked to ac-
count for disks that are quenched in spite of there being still plenty
of atomic hydrogen in their reservoir. We finally emphasise, once
more, that all this ultimately follows from just the Rh ∼ (1 + z)−1
scaling relation.
4 POSSIBLE OBSERVATIONAL (IN)VALIDATIONS
As mentioned earlier, the ALFALFA 21 cm data do not have suffi-
cient resolution for determining the structure of the HI emitting gas.
It would then be important to verify whether in quenched disks the
HI material is indeed in a ring located outside the optical radius, as
we have assumed above.
Another question concerns what makes the difference between
star-forming and quenched disks, in spite of them having compa-
rable HI content. This may have to do with the geometry of the HI
distribution and/or the presence/absence of other objects (compan-
ions, satellites, etc.) capable of destabilising the HI ring thus induc-
ing radial inflow. For example, do massive, quenched disks inhabit
preferentially low density environments and/or are they satellite-
less centrals? Or, compared to star-forming central disks, do they
have different structure in terms of disk size, concentration, stel-
lar mass surface density, bar frequency or AGN activity? We will
explore all these issues in a future paper.
Current information on HI gas in galaxies is basically limited
to the local Universe. However, with the advent of SKA the situa-
tion will change dramatically. For example, the Ultra-deep SKA1
surveys will probe massive galaxies (with MHI>∼1010 M) all the
way to z<∼1.7 (Blyth et al. 2015), hence mapping the evolution of
4 Note, however, that these aspects, growth preparing for quenching and
why the Schechter mass has the observed value, are common to other
quenching mechanisms as well.
the HI content of galaxies (both quenched and star-forming) over a
major fraction of cosmic time, thus complementing the molecular
gas measurements as from CO, C+ and dust continuum.
In this respect, it would be interesting to extend to quenched
disks at high redshift the traditional absorption studies in the spec-
tra of nearby quasars, a combination that may have been neglected
compared to star-forming disks.
Determining the redshift evolution of the half-mass radii of
galaxies more precisely than currently available would greatly help
to put this scenario on firmer quantitative grounds. If there were no
or very little evolution, the proposed quenching by secular angular
momentum increase could be invalidated. Moreover, of critical im-
portance is to most accurately establish the scaling relation for the
stellar angular momentum of galaxies.
Direct observational evidence of corotating gas inflows and
and fast-rotating quenched disks is currently limited to few objects
whereas both should dominate for the proposed quenching mecha-
nism to hold. Therefore, a crucial test would come from a substan-
tially increased statistics.
In this paper we have argued that the observed secular increase
in the size, stellar mass and rotational velocity of galactic disks im-
plies a remarkable secular increase in their angular momentum that
for individual galaxies can exceed a factor ∼ 30 since redshift ∼ 2.
We then propose a new mechanism for the quenching of star for-
mation in galactic disks, that would arise from the gas inflow into
disks eventually coming in with too high angular momentum for
continuing to supply molecular gas to the inner regions of galaxies.
The incoming gas would instead settle on an outer ring of neutral
hydrogen, stable against fragmentation and radial migration, as in-
deed observed in quenched galactic disks in the local Universe.
One interesting aspect worth further study is why the char-
acteristic mass above which the quenching probability grows ex-
ponentially, equal to the Schechter mass of star forming galaxies
(Peng et al. 2010), is nearly constant with redshift up to z ∼ 2,
whereas the size of quenched galaxies strongly decreases with red-
shift. This is an issue that hydrodynamical simulations may help to
understand.
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